PURPOSE. The adult mammalian retina is typically incapable of regeneration when damaged by disease or trauma. Restoration of function would require generation of new adult neurons, something that until recently, mammals were thought to be incapable of doing. However, previous studies from this laboratory have shown that the a7 nicotinic acetylcholine receptor (a7 nAChR) agonist, PNU-282987, induces cell cycle reentry of Müller glia and generation of mature retinal neurons in adult rats, in the absence of detectible injury. This study analyzes how PNU-282987 treatment in RPE leads to robust BrdU incorporation in Müller glia in adult mice and leads to generation of Müller-derived retinal progenitors and neuronal differentiation.
PURPOSE. The adult mammalian retina is typically incapable of regeneration when damaged by disease or trauma. Restoration of function would require generation of new adult neurons, something that until recently, mammals were thought to be incapable of doing. However, previous studies from this laboratory have shown that the a7 nicotinic acetylcholine receptor (a7 nAChR) agonist, PNU-282987, induces cell cycle reentry of Müller glia and generation of mature retinal neurons in adult rats, in the absence of detectible injury. This study analyzes how PNU-282987 treatment in RPE leads to robust BrdU incorporation in Müller glia in adult mice and leads to generation of Müller-derived retinal progenitors and neuronal differentiation.
METHODS.
Retinal BrdU incorporation was examined after eye drop application of PNU-282987 in adult wild-type and transgenic mice that contain tamoxifen-inducible tdTomato Müller glia, or after intraocular injection of conditioned medium from PNU-282987-treated cultured RPE cells.
RESULTS. PNU-282987 induced robust incorporation of BrdU in all layers of the adult mouse retina. The a7 nAChR agonist was found to stimulate cell cycle reentry of Müller glia and their generation of new retinal progenitors indirectly, via the RPE, in an a7 nAChR-dependent fashion.
CONCLUSIONS.
The results from this study point to RPE as a contributor to Müller glial neurogenic responses. The manipulation of the RPE to stimulate retinal neurogenesis offers a new direction for developing novel and potentially transformative treatments to reverse the loss of neurons associated with neurodegenerative disease, traumatic injury, or aging.
Keywords: adult mammalian neurogenesis, alpha7 nicotinic ACh receptor, PNU-282987, Müller glia B lindness associated with retinal degeneration caused by diseases, such as glaucoma, retinitis pigmentosa, macular degeneration, diabetic retinopathy, age, or trauma, can lead to a significant decrease in the quality of life of affected individuals, and is a major burden on health care systems and families. 1, 2 Moreover, these diseases have no cure. Currently available treatments cannot restore neurons that have already been lost to disease. 3, 4 The need for new interventions to restore vision has stimulated significant interest in identifying strategies for regenerating retinal neurons. 5, 6 In some nonmammalian vertebrates, such as teleost fish (e.g., zebrafish) and, to a lesser extent, post-hatch chicks, retinal regeneration occurs regularly and predictably in response to retinal damage. [7] [8] [9] [10] In these animals, the retinal damage stimulates interkinetic nuclear migration of Müller glia, and their reentry into the cell cycle to produce retinal progenitor cells (RPCs). 11, 12 Injury-induced RPCs ultimately differentiate into all types of retinal neurons and thereby restore visual function. 9, 13, 14 In fish and birds, retinal injury and the resulting death of retinal neurons is required for robust cell cycle reentry by Müller glia and the subsequent neuronal regeneration. However, until recently, adult mammals were thought to be incapable of generating new retinal neurons. In mice, retinal neurogenesis is complete by postnatal day 11, with no evidence for subsequent production of new neurons. 15 In the mammalian retina, the primary response to retinal injury is gliosis, which is characterized by glial hypertrophy, limited proliferation, and formation of a glial scar. 16 Nevertheless, isolated mammalian Müller glia proliferate, 17, 18 and given the appropriate signals, can generate various types of retinal neurons in vitro. [18] [19] [20] These findings have given impetus to research and identify mechanisms that can switch the injury response of Müller glia away from gliosis, and toward proliferation, neurogenesis, and retinal regeneration. In rodents, a subpopulation of Müller glia can be driven toward a neurogenic response by exogenous factors, similar to those implicated in retinal regeneration in lower vertebrates. These include epidermal growth factor, 10 sonic hedgehog, 21 and forced overexpression of acetyl-CoA synthetase long-chain family member 1 in the Müller glia. 22 Nevertheless, none of these factors stimulate proliferative or neurogenic responses of Müller glia in the absence or loss of retinal neurons.
Previous work from our laboratory demonstrated that in adult rats, the alpha7 nicotinic acetylcholine receptor (a7 nAChR) agonist, PNU-282987, is sufficient to induce de novo neurogenesis, even in the absence of detectible retinal injury or neuronal death. 23, 24 In rats, topical application of PNU-282987-containing eye drops resulted in cell cycle reentry of vimentin-positive Müller glia, as well as the production of nestin-positive RPCs, as demonstrated by bromodeoxyuridine (BrdU) and proliferating cell nuclear antigen (PCNA) labeling. Importantly, PNU-282987 effects were dose-dependent and, when followed over time, resulted in persistent BrdU labeling in cells within all retinal layers, and a dramatic accumulation of BrdU-labeled retinal ganglion cells (RGCs). 24 These data support the hypothesis that the adult mammalian retina is capable of regeneration given appropriate conditions. Here, we extend these studies to mice to take advantage of transgenic manipulations and examine the contributions of Müller glia and the role of RPE in the proliferative response induced by PNU-282987.
METHODS Animals
Wild-type and transgenic 129/SVJ mice were used in this study. Transgenic mice were obtained as a generous gift from Deborah Otteson, PhD (University of Houston College of Optometry) and bred in the animal facility at Western Michigan University according to breeding procedures listed below. Wild-type 129/SVJ mice were purchased from Jackson Laboratories (Bar Harbor, ME, USA). Animals were housed in a normal experimental room and exposed to a 12-hour light/dark cycle with free access to food and water. An equal number of males and females were used for each experiment in this study. No sex difference was observed in any experiment. Animals used in this study were between 3 and 4 months of age and weighed between 202 and 258 mg. All research adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Cell Culture
Rat RPE cells (RPE-J; 4-6 passages), were grown in Dulbecco's modified Eagle's medium containing 8% fetal bovine serum, 1% L-Glutamine, and 1% penicillin-streptomycin, using standard cell culture techniques. Unless specified, cell culture reagents were obtained from Thermo Fisher (Waltham, MA, USA). For PNU-282987 and methyllycaconitine (MLA) treatments (Sigma-Aldrich, St. Louis, MO, USA), RPE-J cells were grown to 70% to 80% confluence at 338C and treated with normal culture media containing PNU-282987 (100 nM) for 24 hours, or MLA (1 lM) for 8 hours, followed by 100 nM PNU-282987 for 24 hours. Subsequently, cells were washed three times with PBS to remove any trace of added compounds, fresh media was added, and cells were incubated for an additional 72 hours. Conditioned media was collected at multiple time points following the thorough rinsing. Treatment of RPE-J cells with 100 nM PNU-282987 for 24 hours was used in this study as a result of dose and timedependent studies in which concentrations between 1 and 1000 nM were applied to cultured cells for various amounts of time (Linn CL, et al. IOVS 2018;59:ARVO E-Abstract B0174).
The 100 nM PNU-282987 applied to cells for 24 hours produced the maximal proliferative response in animals injected with treated RPE-J supernatant and was therefore used for all culture experiments described in this study. Similarly, previous dose-and time-dependent studies using MLA to block the effect of PNU-282987 demonstrated that incubation of cultured RPE-J cells with 1 lM MLA for 8 hours produced the maximal inhibition of the effect of PNU-282987 (Linn CL, et al. IOVS 2018;59:ARVO E-Abstract B0174).
Eye Drop Treatments, RPE Supernatant Injection and Retina Preparation
Both eyes of each experimental animal were treated once daily with eye drops containing PBS, 1 mg/mL BrdU, and 1 mM PNU-282987. All animals received this treatment for a maximum of 2 weeks. Other animals also received eye drops containing 1 mM MLA 1 hour before PNU-282987 and BrdU eye drop treatment. Details of the eye drop treatment are described in Linn et al. 25 Eye drop treatments never caused irritation to the animals or inflammation to the eyes. At specific times following the start of treatment, mice were euthanized by carbon dioxide asphyxiation. Eyes were removed, and retinas were excised, flat-mounted, and fixed in 4% paraformaldehyde overnight at 48C. Retinal sections (50 lm) were obtained from flat-mounted tissue.
In some experiments, conditioned media from PNU-282987-or MLAþPNU-282987-treated RPE cells was collected as described above, and 1 lL of media was injected into the vitreal chamber of mice; 1 lL is the standard volume injected into the vitreal chamber of adult mice, as the total vitreous volume is relatively small. [26] [27] [28] Other eyes received an injection of control RPE media (untreated), an injection of a saline vehicle, or an injection of RPE media obtained immediately after PNU-282987-treated RPE cells were thoroughly washed.
Transgenic Constructs, Breeding, and Genotyping
Mice of the 129Svj strain carrying the Rlbp Cre-ER and RosatdTomato floxstopflox transgenes were used to label Müller glia in some experiments. Rlbp
Cre-ER mice carry a tamoxifen-inducible, Cre-transgene under the Rlbp promoter that drives Cre recombinase expression specifically in Müller glia in the retina. 29 Following Cre-excision of the stop codon in the transgene, the Rosa-tdTomato Cre-reporter is expressed. To generate experimental mice, male animals heterozygous for Rlbp Cre-ER , and homozygous or heterozygous for the tdTomato reporter, were crossed with female animals that lacked the Rlbp Cre-ER transgene (homozygous wild-type) and were homozygous for the tdTomato reporter. Pups were genotyped by PCR analysis of deoxyribonucleic acid obtained from tail biopsies.
Antibody Labeling
Following fixation, whole-mounted retinas were labeled with various combinations of primary antibodies: sheep anti-BrdU (7.5 lL/mL, Abcam [Cambridge, UK] ab1893; research resource identifier [RRID]: AB_302659); chicken anti-PAX6 (2 lL/mL Developmental Studies Hybridoma Bank [University of Iowa, Iowa City, IA, USA]; RRID: AB_528427), and rabbit anti-RFP/tdTomato (5 lL/mL Rockland [Limerick, PA, USA] 600-401-379; RRID: AB_2209751) or rabbit anti-cone arrestin (5 lL/mL Sigma-Aldrich; RRID: AB_15282). For BrdU staining, antigen retrieval was done as in Webster et al. 24 Retinas were blocked in PBS containing 1% Triton X-100 and 1% bovine serum. Retinas were incubated in primary antibodies overnight at room temperature in PBS containing 1% bovine serum and 1% goat serum, rinsed in PBS, and incubated overnight with appropriate Alexa Fluor conjugated secondary antibodies (1:300; Life Technologies, Carlsbad, CA, USA) diluted in PBS without serum.
Cell Counting and Normalization
Fixed immunostained retinas were counterstained with 4 0 ,6-diamidine-2 0 -phenylindole dihydrochloride (DAPI; Sigma-Aldrich), sectioned at 50 lm, and imaged using a Nikon (Tokyo, Japan) C2þ scanning laser confocal microscope. DAPI-stained nuclei were counted from four 200 lm 2 section images of the inner nuclear layer (INL) from each retinal section and averaged. DAPI-stained cells that colocalized with anti-BrdU were counted and normalized as a mean percentage of the total cells. Percentage of BrdUþ cells in the INL were obtained from five different animals. Normalization of BrdUþ cells was required in these studies due to variation in cell counts obtained in each retinal section. Variations in retinal counts were due to normal variations found between using different animals and due to small changes in the position of the retina when obtaining retinal sections.
Statistical Analysis
Statistical analysis used the Kruskal-Wallis nonparametric ANOVA, with post hoc multiple comparisons (Dunn's test), with P < 0.001 was considered statistically different using GraphPad software (La Jolla, CA, USA).
RESULTS

BrdUþ Cells in the Adult Mouse Retina
Previous studies from this laboratory using adult Long Evans rats demonstrated that the a7 nAChR agonist, PNU-282987, induces cell cycle reentry of cells located in the INL, resulting in an increase in the number of BrdUþ cells throughout the retina, and new RGCs in the ganglion cell layer (GCL). 24 In the present studies, using BrdU incorporation as a marker for entry into S phase, we observed a similar outcome in the retinas of adult mice. In adult mice, no BrdU-labeled cells were detected in the retina following 2 weeks of topical BrdU treatment (Fig.  1B) . In contrast, adult mice treated with eye drops containing 1 mM PNU-282987 and 1 mg/mL BrdU for 2 weeks and euthanized after 4 weeks (Fig. 1A) displayed BrdU-labeled cells in all retinal lamina (Fig. 1C ).
BrdU and PAX6 Colocalization
PAX6, a transcription factor required for normal retinal development, is expressed in retinal progenitors during embryonic development as well as in RGCs and amacrine cells after differentiation in the mature retina. [30] [31] [32] [33] In the retinas of control adult mice treated with BrdU for only 2 weeks, PAX6 immunoreactivity in the nuclei of differentiated RGCs and cells in the INL is seen (Fig. 1E) . However, BrdU-labeled cells were not observed in eyes that received drops containing BrdU alone (Figs. 1E', 1E'' merged image) . In contrast, in the retinas of mice treated with both PNU-282987 and BrdU, there was more robust immunostaining of PAX6 in the INL (Fig. 1F) and BrdUþ cells were present in the INL and outer nuclear layer (ONL) (Fig. 1F') . A few BrdUþ cells colabeled for PAX6 (Fig.  1F'', yellow arrows) . The bar graph in Figure 1G compares the average numbers of PAX6-positive cells counted from averaged 200 lm 2 sections treated with BrdU only or with PNU-282987 and BrdU. There were significantly more PAX6-positive cells in the PNU-282987-treated retinas in the INL (Fig. 1G) . In retinas treated with PNU-282987, there was an average of 38. 
A Transgenic Mouse Line
To determine if Müller glia were the source of BrdUþ cells, a transgenic mouse model that carries a tamoxifen-inducible Cre recombinase driven by the Müller glia-specific Rlbp promotor (Rlbp Cre-ER ) and a floxed tdTomato (Rosa-tdTomato floxstopflox ) reporter was used to label Müller glia in vivo. 29 In mice 3 to 4 months old, heterozygous for Rlbp Cre-ER/þ and homozygous for Rosa-tdTomato floxstopflox , five daily intraperitoneal injections of tamoxifen treatment resulted in expression of tdTomato in Müller glia within the retina (Fig. 2A) . The tdTomato reporter was visible in the Müller glial cell bodies within the INL (Fig.  2B, arrow) , and their inner, radial processes, which extend through the GCL to form end feet at the inner limiting membrane of the retina (Fig. 2B, arrowhead) . The outer radial processes of the Müller glia were faintly labeled by the tdTomato reporter. Thus, tdTomato expression in Müller glia in these mice can serve as a lineage tracer. Unfixed tissue shows clear processes extending from the INL (Figs. 2A, 2B) . If Zstacks of these fresh preparations are taken and the images condensed into one image, even further detail can be observed (Fig. 2B) . However, fixation of the tissue diminishes native tdTomato fluorescence and in some experiments, visualization of the tdTomato-positive Müller glia was done using an B) and radial processes ending in characteristic end feet (arrowhead in B). Radial processes also extend through the ONL but are more faintly labeled. tdTomato fluoresce detected with anti-tdTomato antibody staining (C). Müller glia lack the a7 nAChR as shown in (C) (arrows indicate a7 nAChR and arrowheads indicate Müller glia). The treatment scheme for confocal images seen in (E-E''') is shown in (D). Following 2 weeks of topical PNU-282987þBrdU, tdTomato-labeled cells in the INL (arrows) were triple-labeled for (E) PAX6, (E') tdTomato, and BrdU (E''). (E''') shows the three channels merged. tdTomato expression was demonstrated in PAX6þ/BrdUþ cells. Scale bar: 50 lm for (A-C) and 20 lm for (E-E'''). n ¼ 6 mice for each experimental condition.
antibody against tdTomato (Fig. 2C, arrowhead) . Interestingly, Müller glia do not express a7 nAChRs, the target of PNU-282987 (Fig. 2C, arrows) . [34] [35] [36] In Figure 2C , a7 nAChRs are found in cells of the INL and GCL, but do not colocalize with the antibody against tdTomato.
To determine if BrdUþ cells triggered by application of PNU-282987 arise from Müller glia, expression of tdTomato in Müller glia was induced in adult Rlbp
Cre-ER ; Rosa tdTomato mice, followed by application of eye drops containing PNU-282987 and BrdU for 7 days (Fig. 2D) . Retinal sections were triplelabeled with antibodies against PAX6 (Fig. 2E), tdTomato (Fig.  2E') and BrdU (Fig. 2E'' ). At the end of treatment, tdTomatopositive cells (red) were present in the INL (Fig. 2E') . Many tdTomato-positive cells also labeled for BrdU (Fig. 2E'' ) and PAX6 (Fig. 2E) . The merged triple-labeled cells are shown in Figure 2E '''.
In previous studies from this laboratory, adult rodent RGCs were shown to be BrdUþ following treatment with PNU-282987. 24 To determine if new Müller glia-derived RPCs generated RGCs and other adult neurons, the transgenic mouse line containing tdTomato-labeled Müller glia was used to identify cells derived from Müller glia that had differentiated as RGCs (Brn3a) or the starburst amacrine cells (ChAT) (Fig. 3) . New RGCs were observed in flat-mounted retinas following 2 weeks of PNU-282987 and BrdU eye drops when euthanized 4 weeks after the start of treatment (Figs. 3B-B'' ). When the PNU-282987-treated retina was sectioned, RGCs robustly colabeled with tdTomato and Brn3a (Figs. 3C, 3C' ). Starburst amacrine cells also colabeled with antibodies against tdTomato and choline acetyltransferase (ChAT) (Fig. 3D) . Last, BrdUþ photoreceptors cells were colabeled with antibodies against arrestin in the ONL (Fig. 3E) .
MLA Inhibition of Cell Cycle Reentry
PNU-282987 is a potential and specific agonist of a7 nAChRs. Inhibition of the receptor using the a7 nAChR-specific antagonist, MLA, was expected to reduce the number of BrdUþ cells generated by PNU-282987 treatment in mice. MLA was introduced in adult mice intravitreally using 1 lL of 1 mM MLA an hour before PNU-282987þBrdU eye drop treatment, or as eye drops 1 hour before topical application of PNU282987þBrdU (Fig. 4A ). Eyes treated with PNU-282987þBrdU showed robust staining for BrdU in many retinal cells (Fig. 4B) ; however, retinas from eyes that received intravitreal injections of MLA before PNU-282987þBrdU consistently contained significantly fewer BrdUþ cells (Fig. 4C) . Chronic exposure to topical MLA was also able to inhibit PNU-282987-mediated BrdU incorporation when MLA was applied as an eye drop 1 hour before the eye drop containing PNU-282987 and BrdU (Fig. 4D) . This supports the hypothesis that the effects of PNU-282987 on Müller glia proliferation are mediated through a7 nAChRs. However, the absence of a7 nAChRs on Müller glia is consistent with an indirect effect of PNU-282987; likely mediated through other cells in the eyes that express a7 nAChRs. In the retina, RGCs, some cone bipolar cells, and glycinergic amacrine cells express a7 nAChRs, [36] [37] [38] and we have reported a7 nAChR immunostained cells in the GCL and INL of the mouse retina (Fig. 2) . However, retinal neurons cannot be responsible for proliferation of Müller glia in response to the a7 nAChR agonist PNU-282987, as ACh release studies in the vertebrate retina demonstrate tonic release of ACh from starburst amacrine cells that is increased in response to light. 39, 40 ACh released from starburst amacrine cells onto RGCs, bipolar cells, and other amacrine cells fail to induce neurogenesis under physiological conditions 39, 40 ; however, RPE cells also express a7 nAChRs in the eye. [36] [37] [38] Therefore, the RPE was investigated to determine if it could mediate the effects of PNU-282987.
PNU-282987-Conditioned Cell Culture Supernatant From RPE Cells Induces Cell Cycle Reentry
The RPE-J cell line was cultured to 80% confluency and remained untreated, or cells were treated for 24 hours with 100 nM PNU-282987 (PNU-282987-conditioned media) or with 1 lM MLA for 8 hours followed by 100 nM PNU-282987 for 24 hours (MLAþPNU-282987-conditioned media). After treatments, RPE cells were thoroughly washed three times to remove any remaining residual agents and were cultured for various amounts of time (0-72 hours). Modified culture media was collected after various amounts of time, and then injected into the vitreal chamber of adult mice (Fig. 5A ). BrdU eye drops were then subsequently added daily to the injected animals for 2 weeks. In eyes injected with control untreated media collected from cultured RPE, no BrdUþ cells were seen in the INL after 2 weeks of BrdU treatment (Fig. 5B) . Likewise, no BrdUþ cells were seen if PNU-282987-treated cells were washed thoroughly, and media was injected into mice from cells allowed to culture for 0 to 24 hours after washing out PNU-282987 treatment. However, eyes that were injected with PNU-282987-conditioned media, collected 72 hours after removal of the PNU-282987, induced many BrdUþ cells in adult mice in the INL, and in the ONL (Fig. 5C, arrows) . BrdUþ cells were significantly reduced if cultured RPE cells were treated with MLA before PNU-282987 treatment (Fig. 5D) .
These qualitative observations were confirmed and quantified by cell counts (Fig. 5E) . Injections of PNU-282987-conditioned media collected from treated RPE resulted in BrdU incorporation in an average of 50.13% 6 7.43% of the INL cells, which represents a significant increase from BrdUþ cells induced with PNU-282987 eye drops. However, both treatment paradigms were significantly reduced under MLA treatment (Fig. 5E ).
DISCUSSION
Previous studies from our laboratory showed that topical treatment of the a7 nAChR agonist, PNU-282987, to the eyes of adult rats stimulate Müller glia to reenter the cell cycle and generate new retinal neurons in the absence of retinal damage. 24 Here, we support and extend those findings, demonstrating for the first time that PNU-282987 induces production of RPCs and differentiated neurons from Müller glia in the adult murine retina. Intriguingly, our data show that PNU-282987 does not act directly on Müller glia, but instead, functions indirectly through activation of a7 nAChRs on the RPE. The generation of retinal neurons from Müller glia in the rodent is not entirely unexpected. It is clear that Müller glia are the cellular source for regeneration of retinal neurons in other vertebrate systems. 11, 12, 14, 41 There is growing evidence that similar, although less robust regenerative responses, can be induced in the mammalian retina through a variety of interventions. Others have shown that treatment with growth factors in vitro can cause Müller glia dedifferentiation and cell cycle reentry. 19, 20, [42] [43] [44] However, these factors alone are insufficient to induce robust RPC genesis in vivo, [45] [46] [47] [48] and the numbers of neurons generated is modest, particularly when compared with the robust retinal neurogenesis induced by PNU-282987 in vivo.
The neurogenic responses of Müller glia in fish, birds, and mammals reported to date are contingent on retinal damage. 8, 41, 49 In fish, damage to the retina has been shown to elicit robust, spontaneous regeneration, but several studies showed that this occurred only when the outer retina had also sustained injury. Retinal regeneration in fish can be stimulated by the neurotoxin, ouabain, which poisons the Na/K ATPase pumps and, at appropriate doses, kills large numbers of retinal neurons. 50, 51 The RPE also contains Na/K ATPase pumps on the apical and basolateral membranes. 52 Doses of ouabain sufficient to damage the outer retina could also affect the RPE, increasing permeability, as previously demonstrated by reductions in transepithelial resistance following ouabain inhibition of Na/K-ATPase. 53 Likewise, surgical excision of full-thickness retinal tissue in fish elicits regeneration of all retinal layers, but also results in traumatic injury to the RPE. 54 It is tempting to speculate that in these injury paradigms, the damage to the RPE could permit endogenous retinal acetylcholine to reach the RPE, triggering release of factors that promote the regenerative response of the Müller glia. and MLA, applied either intraocularly as conditioned media or topically as eye drops. For intraocular injections, conditioned media from PNU-282987, or conditioned medium from MLA/PNU-282987-treated RPE-J cells, was injected intraocularly one time into 3-month-old mice. BrdU drops were then applied for an additional 2 weeks before mice were euthanized. For topical treatments, animals received a continuous application of 1 mM MLA in the same eye drops containing PNU-282987 and BrdU before being euthanized. The star and diamond represent significant differences from all other categories. Scale bar: 50 lm. n ¼ 6 mice for each experimental condition.
However, in this study, retinal damage does not appear to be a prerequisite for PNU-282987-induced neurogenesis. The overall histology of the retina was well preserved following topical PNU-282987 treatment in both mice (this study) and rats, 24 and no active caspase-3-positive cells were detected in the rat retina following 2 weeks of topical PNU-282987. 24 We cannot exclude the possibility that some of the BrdU labeling results in unscheduled DNA synthesis triggered by DNA damage. However, our previous studies in rats showed changes in the number and laminar position of the BrdU-labeled cells over time, consistent with Müller glia in the INL reentering the cell cycle to produce migrating RPCs. In addition, we previously showed that PNU-282987 increased the number of RGCs in the rat retina. In addition, the Müller glia lineage marker, tdTomato, was detected in presumptive RPCs (PAX6þ) and in BRN3a-positive RGCs and ChAT-positive amacrine cells following PNU-282987 treatment. Finally, there is no evidence in the literature that activation of a7 nAChRs causes DNA damage or stimulates DNA repair and we have seen no increase of caspase activation after eye drop treatments. Indeed, others have shown that activation of a7 nAChRs reduces oxidative stress, 55 suggesting that this drug is more likely to reduce DNA damage. Thus, current evidence favors reentry into the cell cycle as the basis of the BrdU incorporation stimulated by the a7 nAChR agonist, PNU-282987. Another potential concern involves BrdU incorporation as a response to PNU-282987 and not actual cell proliferation. However, adult cells in the rodent INL have also stained with other proliferating markers besides BrdU after eye drop treatment with PNU-282987. For instance, cells in the adult rodent retina immunostained with antibodies against PCNA after PNU-282987 treatment. 24 The RPE is a novel candidate for producing signals capable of activating the regenerative responses of Müller glia. Robust BrdU labeling of retinal tissue resulted after intravitreal injection of culture media obtained from PNU-282987-treated RPE cells. It is suspected that a signaling molecule (or molecules) is released from the RPE following PNU-282987 treatment that induces cell cycle reentry in Müller glia and the subsequent production of retinal neurons in adult mammals. The RPE is critical to normal retinal homeostasis and can produce a variety of growth factors. 7, 56 In some vertebrate models, such as newt and embryonic chicks, the RPE is capable of transdifferentiation into a variety of retinal neuron types. 7, 57 This is not the case in retinal regeneration in fish, 58 or mice, although developmental reprogramming of RPE into retina occurs in animals with mutations in Mitf. 59 There is evidence that transdifferentiation of RPE contributes to fibrosis, but not neurogenesis, in proliferative vitreoretinopathy. 60 We observed no evidence for RPE transdifferentiation in our studies. In previous time-dependent studies, BrdUþ cells first emerge in the INL, where the Müller glia nuclei are located. In the adult mouse retina, BrdUþ cells emerge in the INL as early as 3 days following PNU-282987 treatment. At later time periods, BrdUþ cells are found in the ONL and in the GCL.
Previously published data from this laboratory showed that intravitreal injections or topical application (eye drops) of the a7 nAChR agonist, PNU-282987, prevented the loss of RGCs normally associated with induced ocular hypertension, a model of experimental glaucoma in adult rats. 23, 61, 62 This effect on RGC survival was blocked if the a7 nAChR antagonist, MLA, was injected before application of PNU-282987 23, 61 and suggested a novel neuroprotective role for a7 nAChRs in the retina. In addition, a presynaptic mechanism for acetylcholine neuroprotection in the retina at the starburst amacrine cell to RGC synapse has been described by Zhou et al. 62 How then could activation of a7 nAChRs in one set of studies be interpreted as neuroprotection, whereas results presented here provide evidence of neurogenesis?
It is clear that acetylcholine release from starburst amacrine cells onto a7 nAChRs in the retina does not normally induce neurogenesis in adult mammals. At the starburst amacrine cell-RGC synapse, acetylcholine released from starburst amacrine cells in response to light has been proposed to have a neuroprotective function, as previously described in several studies now. 23, 61, 62 However, in this study, RPE cells were artificially stimulated with an exogenous a7 nAChR agonist and likely cause the release of a factor(s) that stimulate Müller glial cell proliferation. In vivo, PNU-282987 may be absorbed through the sclera at the back of the eye or enter the choroid circulation to reach the RPE cells. 23 We also showed that PNU-282987 can act directly on cultured RPE cells to trigger release of the proliferation-inducing factor(s). It is unlikely that stimulation of the a7 nChRs on RPE cells from endogenous retinal sources would occur under normal physiological conditions. Thus, a7 nAChRs-induced neurogenesis is likely to be triggered by pharmacological stimulation of the RPE cells, whereas neuroprotection is more likely mediated directly through retinal neurons under physiological conditions.
The results from this study could ultimately lead to significant changes for those living with neurodegenerative retinal diseases, or for those experiencing loss of vision due to traumatic injury or age. If topical agents can be applied to regenerate neurons, vision loss may be reversed and significantly increase the quality of life for many visually impaired people. Additional studies are currently under way to determine the functionality and connectivity of newly generated neurons, as well as to determine the identity of signaling factors released from the RPE that are capable of inducing this unique response.
